(Received 24 June 1963) Booth, Boyland & Sims (1961) described and partially purified an enzyme from the soluble supernatant of rat liver which catalyses conjugations of glutathione with aromatic compounds to form thio ethers as a first stage in mercapturic acid biosynthesis, and an apparently similar enzyme has been shown to be involved in processes leading to the biliary excretion of sulphobromophthalein (phenoltetrabromophthaleindisulphonate) conjugates (Combes & Stakelum, 1961) . It is suggested that this enzyme, which has previously been called 'glutathiokinase' (Boyland, 1962; Al-Kassab, Boyland & Williams, 1963) , should be named 'glutathione S-aryltransferase'. The conjugation of glutathione with aliphatic halogen compounds is catalysed by a liver enzyme that can be separated from that involved in conjugations of glutathione with aromatic compounds (Johnson, 1963) . There must therefore be more than one glutathione trans- ferase.
The present paper concerns the distribution of the enzyme described by Booth et al. (1961) in several vertebrate species and its apparent identity with the enzyme implicated in biliary sulphobromophthalein excretion.
MATERIALS AND METHODS 1,2-Dichloro-4-nitrobenzene was recrystallized from ethanol. Glutathione was obtained from Sigma Chemical Co., and sulphobromophthalein as the sodium salt from Samoore Ltd.
Liver homogenates and soluble supernatant fractions were prepared by the methods described by Booth et al. (1961) . Enzyme activities towards 1,2-dichloro-4-nitrobenzene were measured by the rate of increase in the extinction at 344 mp (Booth et al. 1961) (Ketelaar, Fahrenfort, Haas & Brinkman, 1955) of 0 345 g. of K2Cr2O7 in 1 1. of 0-01 N-H2SO4, which had E'-'m, value of 3-55.
Proteins were determined by a modification of the biuret method (Fincham, 1954) .
RESULTS
Inhibition of 1,2-dichloro-4-nitrobenzene conjugation by 8ulphobromophthalein. Sulphobromophthalein was found to be a competitive substrate in the reaction of 1,2-dichloro-4-nitrobenzene with glutathione. This inhibition was competitive ( Fig. 1) , with a Ki for sulphobromophthalein of 3 x 10-6 M.
In reaction mixtures containing glutathione (10mm), 1,2-dichloro-4-nitrobenzene (1 mM) and rat-liver supematant in 0 1 M-pyrophosphate buffer, pH 8-0, 0-02 mM-sulphobromophthalein halved the rate of 1,2-dichloro-4-nitrobenzene conjugation.
A glutathione conjugate of sulphobromophthalein was identified, by paper chromatography, after Enzyme activities towards 1,2-dichloro-4-nitrobenzene were measured by recording the increase in extinction at 344 mu (Booth et al. 1961 ) of reaction mixtures containing glutathione (3.75 mM), 1,2-dichloro-4-nitrobenzene (1-25 mM) and liver preparations in 01 M-pyrophosphate buffer, pH 8-0 (4 ml.), at 37". One unit of enzyme is defined as the amount which will form 1 ,umole of S-(2-chloro-4-nitrophenyl)glutathione/min. The values in parentheses refer to the numbers of livers homogenized and pooled for enzyme-activity measurements. pounds that increase the activities of several livermicrosomal enzyme systems (Conney & Burns, 1962) , one liver-soluble-supernatant enzyme, namely uridine diphosphate glucose dehydrogenase (Touster & Hollman, 1961) , and ascorbic acid excretion (Boyland & Grover, 1961 Booth et al. (1961) showed that rat-liver soluble supernatant fraction catalysed glutathione conjugations with both aromatic and aliphatic compounds, and Combes & Stakelum (1961) reported similar conjugations between glutathione and sulphobromophthalein. Johnson (1963) showed that ratliver supernatant contained an enzyme that catalysed glutathione conjugations with aliphatic halogen compounds, and that could be separated from that involved in glutathione conjugation with aromatic compounds.
The Dixon (1953) plot (Fig. 1) obtained by the addition of various concentrations of sulphobromophthalein to reaction mixtures containing glutathione, 1,2-dichloro-4-nitrobenzene and rat-liver soluble supernatant showed that sulphobromophthalein is a strong competitive substrate or inhibitor of 1,2-dichloro-4-nitrobenzene conjugation (Ki 3 x 1O-6M),and probably indicates that the same enzyme is responsible for glutathione conjugations with both 1,2-dichloro-4-nitrobenzene (Booth et al. 1961 ) and sulphobromophthalein (Combes & Stakelum, 1961) .
The enzyme that conjugates glutathione with aliphatic halogen compounds is inactivated by dialysis against distilled water (Johnson, 1963) , but the reaction of glutathione with glycerol trinitrate is catalysed by dialysed rat-liver supernatant preparations (K. Williams, unpublished work). Although enzymic reactions between glutathione and glycerol trinitrate are inhibited by 1 mM-copper sulphate (Heppel & Hihnoe, 1950) , enzymic catalysis of the conjugation of glutathione with 1,2-dichloro-4-nitrobenzene is not affected by this concentration of Cu2+ ions.
These results indicate that there are two distinct enzymes concemed in the conjugation of organic compounds with glutathione. First, that described by Booth et al. (1961) and by Combes & Stakelum (196 1) , and since studied by Al-Kassab et al. (1963) , which conjugates glutathione with aromatic halogen and nitro compounds; secondly, the enzyme described by Johnson (1963) which is responsible for the conjugation of glutathione with aliphatic halogen compounds. The activities, in several vertebrate species, of the liver enzyme that catalyses glutathione conjugation with aromatic compounds are shown in Table 1 . In general the livers of the rodents and carnivores examined possessed the highest specific activities whereas those of amphibia, birds and fish were low. There did not appear to be a consistent sex difference in the activity of the enzyme, for, though liver from male rats showed a higher specific activity than did the sample from females, the opposite was found for mouse livers.
In addition to the adult livers studied, samples of foetal human (20-week foetus) liver and of duckling (1 -day-old) liver were examined. The specific activity of the foetal human liver sample was only slightly lower than the value for adult liver; this agrees with the work of Vest (1962) , who, after examining the conjugation and excretion of sulphobromophthalein in new born infants, concluded that the delayed serum clearance was due to a low biliary secretion rather than to a deficiency in the hepatic conjugating mechanism. In other species there appears to be a maturation period for this enzyme which Combes & Stakelum (1962) have found to be about 9 weeks in rats, the activity in new-born rats being only some 25 % of that in adults.
The distribution of this glutathione S-aryltransferase in different species is similar to that of other enzymes that are concerned with the metabolism and renal excretion of foreign compounds, as described by Brodie (1962) . The enzyme is therefore probably concerned with the defence of the terrestrial animals against toxic foreign compounds. The activities were low in goldfish and frogs but higher in lizards and mammals. A remarkable difference between this enzyme and other drugmetabolizing systems is the low activities in chickens and ducks and the very low activity in ducklings. Bird livers in general have about the same activity for the oxidative metabolism of aromatic compounds such as acetanilide as does mammalian liver. The low activities of the enzyme in chicken and duck liver may indicate that these birds do not excrete large amounts of mercapturic acids. If birds do not possess some other mechanism for the metabolism and excretion of compounds usually excreted as mercapturic acids, then these compounds would probably be very toxic to avian species.
The urinary excretion of the mercapturic acids of foreign compounds by guinea pigs has been shown to be small in comparison with that of other rodents (Corner & Young, 1954; Bray, Franklin & James, 1959a) . Since an appreciable activity of the enzyme catalysing glutathione conjugation with 1,2-dichloro-4-nitrobenzene was found in guinea-pigliver supernatant (Table 1 ) guinea pigs can carry out the first stage of mercapturic acid synthesis. This agrees with the work of Bray, Franklin & James (1959b) , who conclude that the lack of mercapturic acid excretion by the guinea pig is due to the inability of this species to acetylate arylcysteine derivatives, the final stage in mercapturic acid synthesis. SUMMARY 1. The specific activity of the liver enzyme that catalyses the reaction of 1,2-dichloro-4-nitrobenzene with glutathione is high (1-10) in rats, mice, dogs, cats, hamsters, guinea pigs, horses and sheep, lower (0-1-1) in rabbits, monkeys, pigs, oxen, lizards, frogs, men, chickens, goldfish and ducks, and very low (0-02) in 1-day-old ducklings.
